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Abstract – We show that the ground state quantum correlations of an Ising model can be detected
by monitoring the time evolution of a single spin alone, and that the critical point of a quantum
phase transition is detected through a maximum of a suitably defined observable. A proposed
implementation with trapped ions realizes an experimental probe of quantum phase transitions
which is based on quantum correlations and scalable for large system sizes.
Classical phase transitions occur when a system reaches
a critical temperature. A quantum phase transition oc-
curs at zero temperature and describes a discontinuous
qualitative change of the ground state when an external
parameter is varied [1]. Cold atoms and trapped ion sys-
tems represent ideal platforms for experimental simula-
tions of complex quantum models [2–4], permitting stud-
ies of quantum phase transitions [5–7]. In particular, spin
chain models of magnetic systems have been realized ex-
perimentally [2, 6, 8–12]. Signatures of an emerging quan-
tum phase transition from a paramagnetic to a ferromag-
netic phase have been observed in a trapped ion simula-
tion of an Ising spin chain through measurements of the
average magnetization [6].
The change of the ground state in the course of a quan-
tum phase transition is reflected by the behavior of the
quantum correlations, which therefore may also serve as
an indicator of such a transition. Despite numerous the-
oretical studies [13–16], so far, there have been no direct
experimental observations which connect this fundamen-
tal concept from quantum information theory to the the-
ory of phase transitions. In trapped-ion simulations of
quantum magnets, entanglement has only been explicitly
studied between two or three spins [8, 9]. This is due to
the fact that the detection of quantum correlations usually
requires simultaneous operations on some of the subsys-
tems, involving a rapidly increasing experimental overhead
for larger systems [17,18].
These difficulties may be circumvented with the aid of a
recently proposed local detection protocol [19, 20], which
allows for the detection of quantum correlations by mea-
suring only a small part of the system. This leads to a
scalable detection scheme, applicable to systems which are
too large for conventional methods. Recent experiments
have demonstrated that this protocol can be implemented
in systems of trapped ions [21] and photons [22] with cur-
rent technology.
In this work, we apply the local detection protocol
to a trapped-ion quantum simulation of the Ising model
for long-range ferromagnetic interaction. The protocol is
based on a dephasing operation which is implemented lo-
cally on one of the spins and erases all quantum corre-
lations between the addressed spin and the rest of the
chain. One compares the time evolution of the selected
spin with and without application of the dephasing opera-
tion. Any difference of these evolutions indicates the pres-
ence of quantum correlations in the initial state. More-
over, it is possible to provide a lower bound on the initial
quantum correlations by monitoring the time evolution of
the trace distance of the spin states. We also discuss an ex-
tension of the protocol which involves dephasing in differ-
ent bases and avoids overestimation of the total quantum
correlations in case of a mixed state. The entire protocol
is carried out by local operations and measurements on
the single spin only, regardless of the total length of the
chain. We show that the locally obtainable signal of the
ground state quantum correlations attains a global max-
imum when the system approaches the critical point of a
quantum phase transition. The signal is sufficiently strong
to be observable under realistic experimental conditions
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and fairly robust against finite-temperature corrections.
The theoretical method presented here is not limited
to one-dimensional spin chains, but rather applicable
in a very general context [19], including two- or three-
dimensional ion crystals [10], provided access to one indi-
vidual spin can be established. The method can also be ap-
plied when local control extends beyond two-dimensional
observables [19].
We now turn to discussion of the long-range Ising model
with transverse field, described by the Hamiltonian
H = −
N∑
i,j=1
(i<j)
Jijσ
(i)
x σ
(j)
x −B
N∑
i=1
σ(i)y , (1)
where σ
(i)
x and σ
(i)
y are Pauli spin operators applied to
the ith spin. For a quantum simulation one applies ap-
propriate laser fields to a set of trapped ions, exerting a
state-dependent optical dipole force [23]. This allows to
engineer the spin-spin interactions via coupling to collec-
tive vibrations. An effective magnetic field B is simulated
by driving Rabi oscillations between the ion’s electronic
states. The laser-induced Ising coupling Jij approximately
follows the scaling Jij ≈ J0/|i − j|α, with 0 < α < 3 [9].
For J0 > 0 (J0 < 0) the interaction is (anti-)ferromagnetic.
From now on we restrict to the ferromagnetic case, but our
analysis can be readily adapted to anti-ferromagnetic cou-
plings. Note that a finite α leads to long-range spin-spin
couplings and excludes the possibility to obtain an exact
analytical solution by employing the well-known Jordan-
Wigner transformation [24], which is limited to nearest-
neighbor interactions.
In order to gain intuition for the system, we first con-
sider the special case J0 = 0 and B > 0. The system’s
ground state is a pure product state in which all spins
point along the y-direction. Conversely, for J0 > 0 and
B = 0 the two-fold degenerate ground state manifold is
spanned by the ferromagnetic states | ↑↑ . . .〉 and | ↓↓ . . .〉,
where | ↑〉 and | ↓〉 are the eigenstates of σx. As B/J0 is
increased, the competition between spin-spin interactions
and the external magnetic field eventually leads to a tran-
sition from ferromagnetic to paramagnetic phases in the
thermodynamical limit. The quantum phase transition
can be observed in the spectrum: For small values of B/J0,
the ground state manifold is two-fold degenerate. This
degeneracy is lifted when B/J0 exceeds a critical value,
whose exact position depends on α and typically is found
around B ≈ J0 for interactions of moderate range. In fi-
nite systems there is always an energy gap between the
two lowest lying states, which approaches zero as B/J0
decreases.
As pointed out by a number of theoretical studies,
quantum correlations play an important role in the char-
acterization of quantum phase transitions [13–16]. Due
to the Z2 symmetry of the Hamiltonian H, all eigen-
states have definite parity with respect to the Z2 oper-
ation (σ
(i)
x → −σ(i)x , σ(i)y → σ(i)y , σ(i)z → −σ(i)z ). As a
consequence, when B/J0 is small, the ground state con-
tains a superposition of Greenberger-Horne-Zeilinger type:
|GHZϕ〉 = (| ↑↑ . . .〉 + eiϕ| ↓↓ . . .〉)/
√
2 [25, 26]. These
states are highly entangled across an arbitrary bipartite
division, but show no quantum correlations when one or
more spins are traced out [26]. As B/J0 is increased
the spins begin to align along the magnetic field direc-
tion and eventually approach a product state in the limit
B/J0 → ∞. Hence, the bipartite global ground state en-
tanglement decreases asymptotically towards zero.
Estimating ground state negativity with single-
spin measurements. – In order to probe the quantum
correlations of the ground state |Ψ0〉 for different values
of B/J0 we employ the local detection protocol [19–21],
restricting ourselves to local operations on the left-most
spin of the chain. Note that if the total state is known to
be pure, the single-spin entropy already reveals the degree
of entanglement with the remaining system. However, the
protocol does not rely on this assumption and an appli-
cation to general mixed states is discussed later in the
manuscript.
We write the state |Ψ0〉 in its Schmidt decomposition
across a bipartite division between the first spin and the
rest of the chain as |Ψ0〉 =
∑
i λi|ϕi〉 ⊗ |χi〉 with Schmidt
coefficients λi. The first step of the local detection pro-
tocol consists in performing a state tomography of the
reduced density matrix ρS of this spin, which is obtained
by tracing over the remaining spins, ρS = TrR|Ψ0〉〈Ψ0|.
When the reduced state ρS does not contain degenerate
eigenvalues, its eigenbasis is given by the local Schmidt
basis {|ϕi〉}i=0,1. Using this basis, a local dephasing op-
eration on the full ground state is defined by
Φ(|Ψ0〉〈Ψ0|) =
∑
i=0,1
(|ϕi〉〈ϕi| ⊗ I) |Ψ0〉〈Ψ0| (|ϕi〉〈ϕi| ⊗ I) ,
(2)
where |ϕi〉〈ϕi| operates on the leftmost spin and I denotes
the identity operation on the rest of the chain. This corre-
sponds to a non-selective local measurement, which leads
to complete dephasing in the single spin’s eigenbasis. As
demonstrated in ref. [21], this operation can be experimen-
tally implemented on a trapped ion with a laser-induced
AC-Stark shift and additional unitary single-spin opera-
tions. The effect of this operation is to convert a coher-
ent superposition into the corresponding incoherent mix-
ture, thereby removing the quantum correlations of the
original state |Ψ0〉. The ground state entanglement can
be quantified by the trace distance of the original ground
state |Ψ0〉〈Ψ0| and the locally dephased state Φ(|Ψ0〉〈Ψ0|)
where the quantum correlations have been removed. Since
the measured subsystem is a qubit, one can show, employ-
ing the Schmidt decomposition, that
D(|Ψ0〉〈Ψ0|) := 1
2
‖|Ψ0〉〈Ψ0| − Φ(|Ψ0〉〈Ψ0|)‖
= N (|Ψ0〉〈Ψ0|), (3)
p-2
Observing a quantum phase transition by measuring a single spin
a)
b)
dmax
B/J0 = 0.8
Fig. 1: a) The evolution of the locally dephased ground
state can be observed by measuring the single-spin magneti-
zation my(t). The initial value my(0) coincides with the time-
invariant magnetization of the ground state before dephasing.
The local trace distance between ground state and dephased
state is given by d(t) = 1/2|my(t) − my(0)|. The plot shows
the time evolution for a chain of 7 spins for the experimen-
tally observable time range of t ≤ 2pi × 10/J0 ≈ 5 ms. The
maximum value dmax represents a witness for the total correla-
tions. b) The ground state spin-rest entanglement D(|Ψ0〉〈Ψ0|)
decreases from its maximum value to zero when B/J0 is in-
creased. The local witness dmax reaches a maximum close to
the critical point of the quantum phase transition.
where N (ρ) = (‖ρΓ‖−1)/2 is the negativity, a well-known
entanglement measure [27]. We have introduced the trace
norm ‖X‖ = Tr
√
X†X [28] and ρΓ denotes the state ρ
after partial transposition in one of the subsystems in an
arbitrary basis. Eq. (3) holds generally as long as the total
state is pure and the measured system is a qubit, which is
locally dephased in the Schmidt basis.
While the ground state |Ψ0〉 does not evolve in time
under the action of the Hamiltonian H, the applica-
tion of the dephasing operation to the ground state typ-
ically does not produce an eigenstate of the Hamiltonian
H. This state will evolve as U(t)Φ(|Ψ0〉〈Ψ0|)U†(t) with
U(t) = e−iHt. The reduced dynamics of the single spin,
ρS(t) = TrR{U(t)Φ(|Ψ0〉〈Ψ0|)U†(t)}, can be observed by
single-spin measurements at different times t. Since the
dephasing Φ is performed in the eigenbasis of the initial
reduced state, we obtain ρS(0) = TrR{Φ(|Ψ0〉〈Ψ0|)} =
TrR{|Ψ0〉〈Ψ0|} [19]. Note that also the reduced state of
the remaining spin chain remains unaffected by the de-
phasing due to its local nature [19]. By comparing the
deviation of the state ρS(t) from the initial state ρS(0)
we can estimate the quantum correlations in the initial
state |Ψ0〉 [fig. 1 a)]. More precisely, for every t, the trace
distance
d(t) =
1
2
‖ρS(t)− ρS(0)‖ (4)
provides a locally accessible lower bound for the total cor-
relations D(|Ψ0〉〈Ψ0|) [20]. This is a consequence of the
contractivity of the trace distance under positive opera-
tions, such as the time evolution and the partial trace
[28]. The optimal bound is found by maximizing over all
measurement times t, leading to [21]
dmax = max
t
d(t) ≤ D(|Ψ0〉〈Ψ0|). (5)
Since ρS(t) is always diagonal in the σy basis, i.e., ρS(t) =
1/2(I2+my(t)σy) withmy(t) = Tr{ρS(t)σy}, the trace dis-
tance d(t) is fully determined by the magnetization along
y as d(t) = 1/2|my(t)−my(0)|, see fig. 1 a).
Fig. 1 b) shows the ground state negativity D(|Ψ0〉〈Ψ0|)
between the measured spin and the rest of the chain and
its local signature dmax as a function of B/J0. In all of
our simulations we use α = 1. For very small values of
B/J0, the contributions of |GHZϕ〉 to the ground state
lead to strong bipartite entanglement (green dashed line)
[29]. The local signal (continuous blue line) is generated by
the time evolution of the dephased state, which becomes
richer close to the critical point and leads to a stronger sig-
nal. For very large B/J0 the ground state |Ψ0〉 approaches
the completely uncorrelated product state |Ψ0〉 = | ↑y〉⊗N ,
where all spins point along the direction of the magnetic
field. Since this state is separable, it is invariant under the
action of the dephasing. The local signal thus reaches a
peak as the magnetic field strength approaches the critical
point of the phase transition. Hence, the detected quan-
tum correlations unveil a clear signature of the quantum
phase transition, which is experimentally accessible with
operations and measurements on a single spin only. Since
the signal is based on the local magnetization, which is not
reduced when the number of spins increases, we expect to
observe qualitatively similar signals also for larger N .
The local signal is created by two processes: The re-
moval of quantum correlations by dephasing, and the sub-
sequent single-spin dynamics of the thereby populated ex-
cited states. By only considering a finite time-window,
and tracing over all other remaining spins, some informa-
tion about the initial quantum correlations is lost. Thus,
generally, it is difficult to exactly determine the critical
point based on the local signal. Note, however, that only
in the thermodynamical limit and for α =∞, the critical
point is found at B/J0 = 1. Finite values of α shift the
critical point to larger values and in the limit α → 0 it
moves towards B/J0 →∞.
The parameters used for the simulations [30] are based
on the parameters of the experiments reported in refs. [6,
8, 9]. Typical parameters are J0 ≈ 2pi × 500 Hz, with a
coherence time of approximately 3 ms. We thus restrict
the time window for the optimization of d(t) to a realis-
tic range of 5 ms with a resolution of 200 timesteps. By
considering a longer time window for optimization in our
simulations, the lower bound can be further improved.
The experimental procedure consists of the following
steps: First, the ground state |Ψ0〉 is prepared, e.g., by
p-3
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adiabatically ramping down the effective B-field after ini-
tializing all spins along the y direction. After obtaining the
single-spin density matrix ρS(0), the process is repeated
and the dephasing is implemented. By monitoring the
time evolution of the single spin after dephasing, ρS(t),
and comparing its deviation from the ground state, one
obtains the local trace distance d(t).
Extension to mixed states and finite-
temperature corrections. – In the thermodynamical
limit the energy gap ∆ between the two energetically
lowest states is exactly zero for values of B/J0 . 1 and
we will refer to these two states as the two ground states
even if they are not degenerate. For finite systems ∆
tends towards zero for small B/J0. Therefore, instead of
the pure ground state, it is more realistic to consider a
low-temperature thermal state ρβ = e
−βH/Tre−βH with
β = 1/kT .
We now discuss application of the local detection pro-
tocol to a mixed state, and develop an extension of the
protocol to avoid overestimation of the quantum corre-
lations. Dephasing in the local eigenbasis {|ϕi〉}i=0,1 of
ρS = TrR(ρ) always produces states of the form Φ(ρ) =∑
i=0,1 pi|ϕi〉〈ϕi| ⊗ ρRi , which are known as classically
correlated states [31]. The reduced density matrices for
both, the selected spin and the rest of the chain, coin-
cide for ρ and Φ(ρ), which means that in the local sub-
systems the two states cannot be distinguished. One
can therefore interpret Φ(ρ) as the corresponding classi-
cally correlated counterpart to ρ [20]. The trace distance
D(ρ) = ‖ρ− Φ(ρ)‖ /2 quantifies their distinguishability
in the total system [28] and is related to the concept of
measurement-induced disturbance [32]. For certain mixed
total states, D is known to overestimate the amount of
quantum correlations [33, 34], which typically are defined
in terms of the minimum over all measurement bases [31].
It is therefore necessary to introduce the minimal mea-
surement disturbance
Dmin(ρ) = min
Π
DΠ(ρ) = min
Π
1
2
‖ρ− ΦΠ(ρ)‖ , (6)
where ΦΠ(ρ) =
∑
i=0,1(Πi ⊗ I)ρ(Πi ⊗ I) describes local
dephasing in a basis characterized by the two orthogo-
nal projectors Π = {Π0,Π1}. When the measured system
is a qubit, it can be shown that Dmin(ρ) coincides with
the minimum entanglement potential [35], a measure for
the nonclassical correlations which can be activated into
entanglement with an ancilla system [36, 37]. For pure
states, the minimum entanglement potential again equals
the conventional negativity N [38]. Combined with eq. (3)
this implies that for pure states the basis which minimizes
the trace distance of dephased and original state [eq. (6)]
is given by the local Schmidt basis, which is locally acces-
sible.
For kT  ∆, i.e., when the temperature is much lower
than the energy gap between the two ground states, ρβ
corresponds to the energetically lower pure ground state
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Fig. 2: The thermal state ρβ is mostly determined by the
ground state until the size of the energy gap ∆ between the
two energetically lowest states becomes comparable to the ther-
mal energy β−1 = kT . Then the state becomes an incoher-
ent mixture of the lowest lying states which washes out the
quantum correlations Dmin(ρβ) (dashed lines). The single-spin
signal dmin(ρβ) (continuous lines) is barely affected by finite
temperature effects. In the plot we have N = 7 spins and
kT/J0 = 10
−5 (thick, red), 0.1 (medium, blue), and 1.0 (thin,
black). The optimization over dephasing measurements was
done over a sample of 20 uniformly distributed pairs of basis
states.
|Ψ0〉. However for kT ≈ ∆, the thermal state ρβ ap-
proaches the equally-weighted incoherent mixture of the
two ground states (see also [13]). Here we assume that
the first excited state is energetically separated from the
two ground states by much more than kT , which is the
case for small B/J0. An equal mixture of |GHZϕ〉 and
|GHZϕ+pi〉 contains no quantum correlations. As a conse-
quence, the thermal quantum correlations drop from their
maximal value to zero when B/J0 falls below a value where
∆ ≈ kT . This is reflected by Dmin(ρβ) in fig. 2.
In order to find a locally accessible lower bound for
Dmin(ρβ), we apply dephasing in a set of different bases
and observe the local time evolution
dΠ(t) =
1
2
∥∥ρS(0)− ρΠS (t)∥∥ , (7)
where ρS(0) = TrRρβ and ρ
Π
S (t) =
TrR{U(t)ΦΠ(ρβ)U†(t)}. Note that unless Π con-
tains the projectors onto eigenstates of ρS(0), the initial
value dΠ(0) is not necessarily zero. A lower bound for
Dmin(ρ) is given by the minimal local witness
dmin(ρβ) = max
t
min
Π
dΠ(t) ≤ Dmin(ρβ). (8)
Even if the total state is almost pure, the obtained bound
may be lower than dmax since the minimum over dΠ(t) may
be attained by a different projector than the one which
minimizes DΠ(ρβ).
In fig. 2 we compare dmin(ρβ) and Dmin(ρβ) for differ-
ent values of B/J0. We find that the minimization barely
affects the local signal dmin(ρβ). The minimal local wit-
ness still reveals the critical point of the quantum phase
transition and is more robust against finite temperature
corrections than the total correlations Dmin(ρβ).
In conclusion, we have shown that the quantum cor-
relations in an Ising model can be detected with the aid
p-4
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of a local dephasing operation on a single spin and the
subsequent observation of the spin’s time evolution. The
detection protocol does not rely on controlling other spins
in the chain. This method provides a lower bound on
the bipartite quantum correlations between the selected
spin and the rest of the chain, which for pure states co-
incides with the negativity. When additionally dephasing
is implemented over a complete set of projectors rather
than only the local eigenbasis, the witness can be further
refined such as to avoid overestimation of the quantum
correlations in a mixed state.
Simulations based on realistic parameters indicate that
the attainable lower bound for ground state quantum cor-
relations in the Ising model is large enough to be detected
in state-of-the-art experimental quantum simulations of
spin chains. When the effective magnetic field is tuned,
the single-spin signature of the ground state quantum cor-
relations assumes its maximum value at the critical point
of the quantum phase transition. This signature is robust
against finite-temperature corrections. Hence, following
our proposal, we expect that an experimental detection of
a quantum phase transition based on bipartite quantum
correlations can be realized readily with existing setups,
even for large chains, where other methods are not applica-
ble. This constitutes a detection of a genuine many-body
effect on the basis of single-particle operations.
The methods presented here can be applied readily to
arbitrary spin-chain models, and are able to probe also
higher-dimensional systems. Since the connection of quan-
tum phase transitions to quantum correlations is not lim-
ited to this particular model – in fact, it constitutes a
rather generic effect –, we expect the presented method to
be generally suitable to detect such phenomena in a wide
range of scenarios.
Finally we remark that quenching such a quantum sys-
tem, e.g., by scanning the parameter B/J0 through the
phase transition towards zero within a certain quench time
τ , will induce defects whose density is proportional to the
correlation length 1/
√
τ [39]. The bipartite entanglement
between two blocks of spins was shown to scale with the
same correlation length [40], and can be detected with
limited resources using the present method. This could
be useful for an indirect entanglement-based verification
of the universal scaling behavior of defect formation pro-
cesses, which are of interest in various fields of physics
[39,41,42].
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